According to the change characteristics of the subgrade moisture content and the mechanical calculation of several typical highways, the test scheme of the permanent deformation of coarse soil was formulated. e relationship between the permanent deformation of coarse-grained soil and the stress level, compaction degree, moisture content, and loading frequency was studied by cyclic loading triaxle testing. e results show that the permanent deformation of coarse-grained soil increases with the increase in partial stress and moisture content and decreases with the increase in compaction degree. e experimental data were fitted by the Tseng-Lytton model, and the correlation coefficients were 92%, which indicated that the model could be used to predict the permanent deformation of coarse soil. e relationships between the model coefficient and the moisture content and spring back modulus were obtained by the multiple regression method. Finally, the permanent deformation of the subgrade soil was calculated by using the layered summation method and a typical subgrade pavement structure.
Introduction
At present, research on the impact of vehicle loads on roads in China and abroad has focused on the road surface and not the roadbed, which is problematic [1] [2] [3] . When the American Highway Association of the State Highways (AASHO) conducted an experimental study of road ruts, it was found that 9% of road surface ruts were caused by roadbeds [4] . However, because of the unique traffic conditions of domestic expressways, the subgrade soil is affected by long-term vehicle heavy load, which will also cause greater plastic deformation and accelerate the production of road ruts. Elliot and ompson believed that the permanent deformation of subgrade soil had a significant impact on the performance of asphalt pavement, and they also believed that road designers were less concerned with the deformation of subgrade [5] . To date, few scholars have studied the impact of vehicle loads on the deformation of subgrade.
e reasons are as follows. e permanent deformation test of subgrade soil is expensive, cumbersome, and timeconsuming, and researchers usually use resilient subgrade soil as the subgrade design. Indicators ignore the permanent deformation of subgrade soil. Pavement can be reduced by plastic materials and gradation, and the deformation of roadbeds becomes one of the most important factors in the production of road ruts.
Lin et al. studied the three-dimensional effect of tensile strength in a standard Brazilian test considering contact length [6] . Wang et al. studied the relationship between UCS ratings and the surface hardness of Schmidt hammers [7] . Wang et al. conducted indoor research on the strength characteristics of expansive soil treated with jute fiberreinforced material [8] . Coarse-grained soil is a soil-rock mixture with a particle size of more than 50% of the total mass in the particle size range of d � 0.075 to 60 mm due to its high porosity, high water permeability, high shear strength, high bearing capacity, and good compactness. Such excellent engineering characteristics have been widely used in the construction of high embankments for highways in southern China. However, the impact of vehicle load on a coarse-grained soil embankment has rarely been studied. is paper intends to analyze the stress status of the typical expressway subgrade in China and formulate a reasonable test program to study the load deformation characteristics of coarse-grained soil subgrade under different stress levels, confining pressures, loading times, compaction degrees, and moisture contents. e research results can provide a theoretical basis for the remediation of road damages and provide corresponding guidance for traffic management.
Experimental Design

Experimental Soil Samples.
e soil samples were taken from a highway K56 + 300-K56 + 350, and the soil samples were made of soil, sand, and gravel. According to the "Geotechnical Test Code" (JTG E40-2007) of the coarsegrading soil classification criteria, the original soil sample was described as coarse-grained soil. Due to the limitations of the test conditions, the maximum particle size of the coarse particles in the coarse-grained soil samples should be less than 20 mm. e coarse particle size of the site was large, so the indoor experiment needed to be limited to soil sample sizes that were acceptable for the test instruments; additionally, to ensure the greatest degree of engineering properties of the soil, the relationship of the original soil samples and the test soil was assessed. Guo, in a study of the characteristics of coarse-grained soil, proposed the maximum particle size exclusion method, equivalent replacement method, and parallel grading method for soil preparation [9] . Chen et al. prepared a red sandstone coarse-grained soil sample with the parallel grading method [10] . Liu used the maximum particle size exclusion method to prepare a gravel soil triaxial test sample [11] . e author referred to their research results, using the maximum particle size exclusion method to prepare a coarse-grained soil triaxle sample, and the sample particles with sizes greater than 20 mm were removed directly during the preparation of the samples; the sample products are shown in Figure 1 . e physical and mechanical parameters of the test soil were obtained through the screening test, the compaction test, the rebound modulus test, and the direct shear test on the soil sample. e parameters of the test soil are shown in Tables 1 and 2 .
Cyclic Loading Test Program.
e R-8001T large-scale dynamic triaxial test system of the National Engineering Laboratory of Highway Engineering Maintenance Technology was used to carry out the cyclic loading test on subgrade soil. Consistent with the characteristics of the instrument, the specimen was cylindrical with a diameter of 100 mm and a height of 200 mm.
Moisture Content.
e best moisture content of the test soil measured by a compaction test was 6.8%. According to the Elliott survey, the subgrade moisture content was 1 to 1.2 times the best moisture content after subgrade completion [5] . e frequent rains were taken into account in the southern rainy season, and part of the rainwater infiltrated into the subgrade soil through the embankment slope and pavement cracks, resulting in an increase in moisture content of some subgrade soils. erefore, the soil samples had water cuts of 6.8%, 8.1%, and 9.5%, representing the best moisture content of the soil samples, the water content during the subgrade operation period, and the moisture content of the subgrade soil (pavement cracks) during the rainy season rainfall infiltration, respectively.
2.2.2.
Compactness. China's "Code for the Design of Highway Subgrade" (JTG D30-2015) stipulates that the subgrade compaction degree should not be less than 96% within a depth of 0.8 m below the bottom surface of the pavement of expressways and highway roads; for the depth below the road surface from 0.8 m to 1.5 m, the subgrade compaction should not be less than 94%. To increase the comparability of compaction, two compaction levels of 96% and 91% were used in this test. erefore, the confining pressure of this test was 28 kPa [13] .
Deviatoric Stress.
According to numerical simulation and field testing, Zhang determined that the vehicle load on the top surface of expressway subgrade is approximately 30∼60 kPa, and the vehicle load waveform on the top of the subgrade could be approximated as a half-sine pulse waveform [14] . erefore, the dynamic stress level was considered to be 30 kPa, 45 kPa and, 60 kPa.
e load waveform was a half-sine pulse load, the load frequency was 1 Hz, and the load time was 0.2 s.
e Number of Loads.
To simulate the long-term effect of vehicle load on subgrade soil, the number of cyclic loads should be similar to the actual situation. For expressways, the standard axle load of vehicles reached 10 7 during the road design period. However, due to experimental limitations, it was not possible to simulate millions of vehicle loads.
erefore, more than 10,000 loading times were generally used to reflect the long-term effect of traffic load (Table 3) .
Cyclic Loading Test Results
Effect of Dynamic Stress on Plastic Deformation.
Analysis of the effect of dynamic stress level on the plastic deformation was carried out with the same soil sample conditions and different partial stresses.
ree conditions-A1, A2, and A3-with a moisture content of 6.8% and three conditions-C1, C2, and C3-with a water content of 9.5% were analyzed. e cumulative plastic strain curves of the six working conditions are shown in Figures 2 and 3.
As shown in Figures 2 and 3 , the permanent deformation curve under different dynamic stress conformed to the basic law of gradual increase. When the dynamic stress was within a certain range, with the increase in cyclic loading times, the axial cumulative deformation of the soil increased, and the axial cumulative plastic strain rate decreased continuously, which caused the axial deformation to approach a limit value. For the preloading, the axial deformation rate was faster, and the accumulated deformation of the first 2000 loading cycles accounted for approximately 80% of the total deformation. As shown in Figure 1 , the moisture content was 9.8% when the partial stress was 30 kPa, and the plastic strain was 0.07% after 10,000 cycles of cyclic loading. e specimen was smaller under these conditions. When the partial stress was 45 kPa and 60 kPa, the plastic strain of the specimen was 0.1% and 0.15%, respectively. e experimental results showed that as the dynamic stress increased, the permanent deformation value increased, and the plastic deformation of the coarsegrained soil was affected by the dynamic stress amplitude.
Effect of Moisture Content on Plastic Deformation.
To accurately show the effect of moisture content on plastic deformation, the plastic deformation of the soil samples with different moisture contents under the same compaction degree and partial stress were compared. Figure 4 shows the plastic deformation curve of the soil samples with different moisture contents (A1, B1, and C1 conditions) when the compaction degree was 96% and the partial stress was 30 kPa. Figure 5 shows the plastic deformation curve of soil samples with different moisture contents (A2, B2, and C2 conditions) when the compaction degree was 96% and the partial stress was 45 kPa. Figure 1 : Fabrication of the triaxial specimens. Figures 5 and 6 show that the plastic deformation of the six groups increased with the increase in the number of loads, and the change trend was basically the same.
e plastic deformation substantially increased with the increase in the moisture content of the specimen. When the partial stress was 30 kPa and the moisture content was 6.8%, the plastic strain of 10,000 samples was 0.07%. When the moisture content increased to 8.1% and 9.5%, the plastic strain increased to 0.13% and 0.16%, respectively. When the deviatoric stress was 45 kPa, the increase in the moisture content also led to a significant increase in the plastic deformation. e test results showed that the effect of the moisture content on the plastic deformation of subgrade soil was substantial. is is because when the water content of roadbed soil increased, the effective stress of the soil decreased, the pore water pressure increased, and the loadbearing capacity of the soil reduced; thus, the plastic deformation of the subgrade soil increased.
e vehicle load on the conditions of subgrade and soil under different wet and dry conditions varied greatly; waterproofing and drainage measures should be performed well. 
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Influence of Compaction on Plastic Deformation.
Considering the effect of the compaction degree on plastic deformation, the plastic deformation values of soil samples with the same moisture content and partial stress were compared. Figure 6 shows the plastic deformation curve (A1, D1) of different compacted soil samples with a moisture content of 6.8% and a partial stress of 30 kPa. Figure 7 shows the plastic deformation curve (A2, D2) of different compacted soil samples with a moisture content of 6.8% and a partial stress of 45 kPa. Figures 6 and 7 show the cumulative plastic deformation curves of coarse-grained soils with different compaction degrees.
e plastic strain decreases with an increasing compaction degree, with the consideration of the effects of 91% and 96% compaction on the plastic deformation. For the soil sample with a dynamic stress of 45 kPa and a compaction degree of 91%, the soil-like plastic strain increased by 50% compared to that with a compaction degree of 96% after 10000 cycles of loading; therefore, the compactness had a large influence on plastic deformation. e larger the compactness was, the better the overall performance of the soil was, and the stronger the soil was to resisting external deformation.
Permanent Deformation Prediction Models
Model Selection.
e prediction model of the permanent deformation of subgrade soil was put forward by many scholars in China and abroad, but there is currently no regression formula between the regression coefficient and the basic physical and mechanical parameters; thus, it does not have certain theoretical significance. e Tseng-Lytton model is currently used in many models. e parameters of the Tseng-Lytton model include resilience strain, moisture content, and dynamic resilience modulus. e other factors can also be obtained by the dynamic rebound modulus, so the parameters involved in this model are comprehensive. Since the Tseng-Lytton model has been validated by a large number of laboratory tests and adopted by the AASHO 2002 design guide, it has high reliability. erefore, the TsengLytton model was used in this paper to fit the test data. e formula is as follows [15] :
where ε v is the vertical strain obtained in the mechanical analysis of the multilayer system; ε r is the rebound strain when determining the material parameters; β r1 is the correction coefficient, which is 1; N is the loading times; and ε 0 , β, and ρ are the regression parameters.
Data Fitting.
e least squares method was used to fit the experimental data according to formula (1) .
e parameters to be fitted are shown in Table 4 . e curve fitting correlation coefficient showed that the fitting curve was consistent with the experimental results.
In the multivariate linear regression, the rebound strain parameter was introduced, and the rebound strain had a certain proportional relation with the partial stress, and it was also related to the body stress and compaction degree. To facilitate the application of engineering, the modulus of elasticity and moisture content, which reflected the characteristics of the soil in the model, were used as regression parameters. According to the test, the stress-strain hysteresis curves of different loading times were obtained, indicating that the number of repeated loads had little effect on the rebound modulus. erefore, the elastic modulus was calculated by using the stress-strain hysteresis curve when the load was applied 100 times.
e logarithmic relationships among the moisture content, modulus of Advances in Civil Engineering 5 resilience, and partial stress were obtained through multiple regressions:
where w c is the water content, and its unit is %. E r is the modulus of resilience, and the unit is MPa. σ d is the partial stress, and its unit is kPa. e working condition of this test is 12, and α � 0.05. According to the principle of mathematical statistics, the critical value of the correlation coefficient was determined to be R a � 7.07, R 2 a � 0.5. e squared correlation coefficient R 2 among lg(ε 0 /ε r ), lg(ρ), lg(β), and the moisture content and elastic modulus equations obtained by multiple regression is greater than 0.5. erefore, the permanent deformation of coarse-grained soil could be calculated using the above formula.
Calculation of the Permanent Deformation of
Coarse-Grained Soil Subgrade
Calculation
Steps. e foregoing model was used to describe the relationship between the plastic deformation of coarse-grained soil samples and the axial stress level, moisture content, compaction degree, rebound modulus, and loading frequency. To reflect the dynamic stress and deformation characteristics of coarse-grained soil under long-term vehicle loading, the layered summation method of the mechanistic-empirical method was used to calculate the dynamic stress deformation of the subgrade surface. e calculation steps are as follows:
(1) A mechanical analysis of the subgrade model was performed to calculate the subgrade working area based on the conditions required for simulation, and the subgrade working area was divided into sublayers according to depth. At a certain depth of the roadbed, the area where the ratio of the vertical stress σ z caused by the vehicle load to the stress σ c generated by the weight of the soil is greater than 0.1 was the range of the vehicle load influence, namely, the subgrade work area. (2) e mechanical calculation of the roadbed pavement structure was carried out, and the elastic strain of the subgrade under the specified load was obtained. (3) Each layered elastic strain was substituted into the prediction model of the permanent deformation of the coarse-grained soil, and the cumulative plastic strain of each layer was obtained. is cumulative plastic strain value was multiplied by the layer thickness to obtain the accumulated plastic deformation of the layer. (4) e cumulative deformation of each layer of soil in the depth range of the roadbed working area was superimposed to obtain the cumulative plastic deformation at the top of the roadbed. e formula is as follows:
where δ p (N) is the total deformation of the subgrade soil when the wheel load acts N times, ε pi (N) is the plastic strain of soil layer i, and h i is the layer thickness.
Example of the Permanent Deformation of CoarseGrained Soil
Subgrade. e conditions of this article were selected from the K56 + 300-K56 + 350 section of the Nuchen Expressway. Due to frequent rainfall during the rainy season and the serious vehicle overloading phenomenon, the road section was damaged to varying degrees, which had a certain impact on vehicle travel. e schematic diagram of the subgrade and pavement structure of the road section is shown in Figure 8 . e calculation parameters of the materials of each layer are shown in Table 5 . Combined with the stratified sum method and the prediction model for the permanent deformation of coarsegrained soil, the dynamic load deformation of the top surface of the coarse-grained soil subgrade under different working conditions was calculated based on 10 7 vehicle load times. e lateral length of the dynamic deformation map of the roadbed had a width of one lane (3.75 m), and the dynamic load deformation of coarse-grained soil subgrade under different working conditions is shown in Figures 7-9 .
Axle Load Size Effect.
Comparing the degree of compaction of 96% and the condition of optimum moisture content, the effects of different axial loads on the cumulative deformation of the roadbed are shown in Figure 9 . When the axle load increased from 100 kN to 180 kN, the overall deformation of the subgrade surface increased, and the maximum dynamic load deformation increased by 1.2 times from 0.738 mm to 1.624 mm. e axle load size was one of the main factors of the dynamic deformation of the subgrade.
Subgrade Moisture Content Effect.
e dynamic deformation of the subgrade under different moisture content conditions is shown in Figure 10 for a compaction degree of 96% and an axle load of 100 kN. As shown in the figure, when the water content increased from 6.8% to 9.5%, the maximum dynamic deformation at the top of the subgrade increased from 0.738 mm to 2.14 mm, which is an increase of 1.9 times.
Compaction Effect.
e comparative moisture content was 96%, and the axial load was 100 kN. e dynamic deformation of the subgrade under different compaction conditions is shown in Figure 11 . e figure shows that when the degree of compaction was reduced from 96% to 91%, the maximum dynamic load of the subgrade increased from 0.738 mm to 1.92 mm, which is an increase of 1.6 times.
e deformation of the roadbed was considered under a vehicle load of one lane (3.75 m) width, as seem in Figures 8-11 . e figures show that the dynamic deformation curve is symmetrical and the shape is roughly a "W." e maximum value of the deformation was directly below the wheel, and as the distance from the wheel increased, the amount of deformation decreased. e axial load, subgrade moisture content, and compaction of the vehicle had a large influence on the dynamic deformation of the subgrade.
e dynamic deformation of the subgrade increased with the axial load and moisture content and decreased with increasing compaction.
Conclusions
(1) e analysis of a permanent deformation test shows that as the water content and deviatoric stress increase, the permanent deformation of coarse-grained soil increased, and the permanent deformation of coarse-grained soil decreased with the increase in compaction. (2) e Tseng-Lytton model was used to fit the data of the permanent deformation test of coarse-grained soil. e fitting results showed that the model can better reflect the deformation law of coarse-grained soil. (3) e relationships between the logarithm of each coefficient, the moisture content, and the modulus of resilience of the prediction model for the permanent deformation of coarse-grained soils were obtained by multiple regression. (4) e dynamic deformation laws of the top surface of the subgrade under different axial loading, moisture content, and compaction degree conditions were obtained through the prediction model of the permanent deformation of coarse-grained soil combined with the layered summation method: the dynamic deformation curve is symmetrical and the shape is roughly a "W." e maximum value of the deformation was directly below the wheel, and as the distance from the wheel increased, the amount of deformation decreased.
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